Oseltamivir (Tamiflu) is now being stockpiled by several governments as a first line treatment for an anticipated outbreak of avian influenza caused by H5N1. However, abnormal behaviors and death associated with the use of Tamiflu have developed into a major issue in Japan where Tamiflu is often prescribed for seasonal influenza. Thus, it is critical to determine neuropsychiatric effects of oseltamivir and to establish methods for safe administration. Using juvenile rats and rat hippocampal slices, we investigated whether oseltamivir has adverse effects on the central nervous system. Systemic injection of oseltamivir (50 mg/kg i.p.) produced no change in behavior within 2 h. However, prior injection of oseltamivir significantly altered the duration of loss of lightning reflex following ethanol injection (3.3 g/kg, i.p.). Ethanol injection in the presence of oseltamivir also resulted in enhanced hypothermia. In the CA1 region of hippocampal slices, oseltamivir (100 M) induced paired-pulse facilitation in population spikes without changes in excitatory postsynaptic potentials. Similarly, 3 M oseltamivir carboxylate, the active metabolite of oseltamivir, facilitated neuronal firing, though the facilitation did not involve GABAergic disinhibition. Moreover, oseltamivir carboxylate produced further facilitation following administration of 60 mM ethanol. These findings indicate that oseltamivir has effects on the central nervous system, especially when combined with other agents. © 2007 Elsevier Ireland Ltd. All rights reserved.
An outbreak of avian influenza caused by H5N1, which may kill millions of people worldwide, is expected in the near future. To minimize the risk, governments of several countries are stockpiling oseltamivir (Tamiflu ® ), an antiviral agent. However, the safety of oseltamivir is questioned because accidental deaths and altered behaviors have been reported after Tamiflu ingestion (www.forbes.com/feeds/ap/2007/04/04/ap3582952.html, www.nature.com/news/2007/070319/full/446358a.html). Tamiflu has been regularly prescribed as a treatment for seasonal influenza in Japan and Japanese consumption accounts for up to 70-80% of all Tamiflu use worldwide. Importantly, 70 deaths and more than 100 cases of abnormal behaviors have been reported associated with Tamiflu use in Japan, with special attention to cases involving children and adolescents. Serious effects include sudden deaths in toddlers and altered behaviors, including suicide, in teenagers. Mechanisms responsible for the altered behaviors are not certain but have prompted the use of animal models to determine potential adverse actions. Oseltamivir is metabolized to oseltamivir carboxylate (OCB) [2] and other metabolites in the body [15] . Although different sensitivities to OCB among races have been suggested [9] , there is no literature describing neuronal actions of oseltamivir or OCB. It is possible that OCB has effects on the central nervous system (CNS) because neuraminidase, a key enzyme inhibited by OCB, plays a role in CNS development and impulse conduction [1, 13] . Following inhibition of neuraminidase, certain drugs that alter neuronal function may exhibit augmented CNS effects. Although it is believed that oseltamivir and OCB do not readily pass the blood brain barrier (BBB), high doses damage the brain in experimental animals (http://www.fda.gov/cder/foi/label/2006/021087s033lbl.pdf), suggesting permeability of BBB to OCB. OCB is also likely to reach the CNS if the BBB is immature or impaired. Furthermore, BBB permeability to OCB could be enhanced by the presence of solvents such as alcohol, which is known to increase BBB permeability to other agents, such as horseradish peroxidase [14] . This also raises the possibility that it the putative effects of Tamiflu result from interactions with other CNS-active drugs. Large numbers of Japanese teenagers consume alcohol, though use of other abused drugs is less common [17] . In the present study, we examined whether oseltamivir alters the effects of alcohol when systemically administered to rats. We also determined whether oseltamivir and OCB have neuronal effects in rat hippocampal slices in the presence or absence of ethanol.
All experiments were performed in accordance with the guidelines of the Washington University Animal Study Committee. Every effort was made to minimize the number of animals used and their suffering in all experimental procedures.
To determine acute sensitivity to ethanol, male albino rats (postnatal day 30 ± 2) were administered single injections of ethanol (3.3 g/kg, i.p. as 26%, v/v in saline). Two hours before ethanol injection, saline or oseltamivir in saline (2% volume of body weight) was injected (i.p.). After being sedated by ethanol, rats were placed on their backs and the time required for them to right themselves spontaneously was monitored [5, 19] . Because prior saline injection alters the duration of loss of lighting reflex (LORR), we tested various doses of ethanol in the present study and found that 3.3 g/kg is the most suitable at this age. Rectal temperature was measured every hour.
Hippocampal slices were prepared from male albino rats at postnatal day 31 ± 3. Under isoflurane anesthesia, animals were decapitated and hippocampi were quickly dissected into gassed (95% O 2 -5% CO 2 ) artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl 124, KCl 5, CaCl 2 2, NaHCO 3 22, NaH 2 PO 4 1.25, MgSO 4 2 and glucose 10 at 4-6 • C [20] . Transverse slices (500 m thick) were cut from the septal half of the hippocampus with a vibrotome (WPI, Sarasota, FL, USA). After at least 1 h at 30 • C in standard ACSF, individual slices were transferred to a recording chamber and perfused continuously (2 ml/min) with fresh solution at 30 • C. Evoked synaptic responses were elicited with 0.1-0.2 ms constant current pulses through a bipolar electrode placed in the Schaffer collateralcommissural pathway using a Grass S88 stimulator with SIU5 stimulus isolation unit (Grass, Astro-Med, Inc. West Warwick, RI, USA).
Extracellular recordings were obtained from the pyramidal cell layer and dendritic area of the CA1 region using 5-10 M glass electrodes filled with 2 M NaCl. The electrode for recording population spikes (PSs) was positioned in the pyramidal cell layer such that the latency of the negative peak was the shortest and the peak of the second positive phase after the PS was at its apex. Using this approach, the peak of the positive wave was not masked by the negative PS and gave an accurate measure of the amplitude of the somatic excitatory postsynaptic potential (EPSP). This allowed us to measure somatic EPSPs as the maximal height of the positive wave in the cell body layer compared to baseline. Although the initial slope of the somatic EPSP may better reflect the conducted synaptic input from the dendrites, PSs evoked by stronger stimuli can mask the initial slope making it difficult to measure. Data were discarded when somatic EPSP amplitude was suppressed by PSs with increasing stimulus intensity. PS amplitude was measured as the height from the apex of the first positive peak to the most negative point of the spike (Fig. 1A) . Dendritic EPSPs were measured as the maximal slope. In paired-pulse experiments, we compared changes in somatic EPSPs and PSs with changes in dendritic EPSPs by delivering two pulses of fixed intensity at intervals of 21 or 42 ms. Waveforms were monitored by applying two pulses at an interval of 21 ms every minute at an intensity that evoked a 20-40% maximal 2nd PS based on a baseline input-output curve taken before each experiment. In preliminary studies, 30 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), a non-N-methyl-d-aspartic acid (NMDA) receptor antagonist, totally eliminated the responses, indicating that the observed responses are not contaminated with responses other than non-NMDA excitatory amino acid receptors.
For studies examining the involvement of gamma-aminobutyric acid (GABA) A receptors, picrotoxin (PTX) was administered to slices cut between CA1 and CA3. PTX was dissolved in ethanol as a 20 mM stock solution and diluted to 1 M. Although PTX dissolved in DMSO has been used at 50 M, we found that 1 M PTX is sufficient to diminish GABAergic inhibition in the CA1 region without eliciting epileptiform discharges if dissolved in ethanol [11] . However, at a higher concentration (3 M), PTX elicited epileptiform discharges that made it difficult to analyze synaptic waveforms.
The test solution of oseltamivir was prepared by dissolving a Tamiflu tablet (75 mg) in water or in saline. OCB was obtained from Toronto Research Chemicals Inc. (North York, ON, M3J2J8, Canada). Other chemicals were obtained from Sigma-Aldrich (St. Louis, MO 63178, USA).
To determine whether oseltamivir alters animal behavior, we examined systemic injections of the drug in juvenile rats in the absence and presence of ethanol. Intraperitoneal injections of oseltamivir (50 mg/kg) produced no significant change in behavior within 2 h (N = 14). However, in rats also treated with ethanol, oseltamivir resulted in a dramatic decrease in ethanol-induced sedation. Control rats that received saline 2 h prior to ethanol (3.3 g/kg, i.p.) exhibited an immediate LORR that lasted 63.1 ± 3.3 min (N = 5). Rats pretreated with oseltamivir exhibited a markedly shortened time to initial awaking (26.6 ± 11.0 min, P < 0.05, N = 8) and no LORR was observed in three rats. Additionally, rectal temperatures measured one hour after ethanol were significantly lower in rats treated with oseltamivir (see Supplement). This suggests that oseltamivir can modulate the actions of CNS drugs such as ethanol, even if oseltamivir alone does not cause behavioral changes.
We subsequently examined whether oseltamivir alters neuronal function in the CA1 region of rat hippocampal slices using a paired-pulse stimulation paradigm to determine effects on synaptic transmission and neuronal firing. When Schaffer collateral inputs to CA1 are stimulated at a 21 ms interval, paired-pulse facilitation of dendritic EPSPs is typically observed. This facilitationis accompanied by paired-pulse depression of somatic EPSPs and PSs, reflecting diminished propagation of excitatory inputs to the soma and diminished pyramidal cell firing. Administration of 100 M oseltamivir for 30 min gradually enhanced 2nd PSs and this facilitation lasted 30 min after washout without affecting 1st PSs (Fig. 1A) . Although dendritic EPSPs were not affected, 2nd but not 1st somatic EPSPs were also facilitated, suggesting changes in propagation of inputs from synapses to soma during paired stimulation. Administration of 30 M oseltamivir partially facilitated 2nd PSs (N = 3), but effects were unclear at 10 M (N = 3). Administration of 3 M OCB, the active metabolite, facilitated 2nd PSs (N = 5, Fig. 1B ) and 2nd somatic EPSPs without affecting other parameters, suggesting that OCB is responsible for the enhanced excitability. At 1 M, OCB failed to facilitate 2nd PSs (N = 3). The facilitation of 2nd PSs and 2nd somatic EPSPs by 3 M OCB was observed even when the interval of stimulation was lengthened to 42 ms.
In follow up to our behavioral studies, we also examined interactions with ethanol in slices pretreated with 3 M OCB. No changes in EPSPs or PSs were observed during administration of 60 mM ethanol. However, after washout of ethanol, facilitation in 2nd PSs (N = 8, Fig. 1C ) accompanied by an increase in 2nd somatic EPSPs was observed without change in other parameters. In naïve slices, all parameters remained stable during and after administration of 60 mM ethanol (N = 5, P < 0.01 versus OCB-treated).
The changes in PSs and somatic EPSPs could reflect effects on GABAergic inhibition and/or conduction of synaptic responses from dendrites to soma [11, 12] . To determine whether effects on GABA-mediated inhibition are relevant, we pretreated slices with 1 M PTX to block GABA A receptors. In these slices, 3 M OCB further facilitated 2nd PS (N = 5, Fig. 2B ) and 2nd somatic EPSPs. In slices treated with PTX alone, all parameters were stable (N = 5, Fig. 2A ). The failure of PTX to mask the facilitating action of OCB indicates that OCB does not produce GABAergic disinhibition. To test the involvement of A-type potassium channels that are highly expressed in dendrites [4, 10] , slices were treated with 15 M 4-aminopyridine (4-AP), an A-type potassium channel blocker. Administration of 4-AP facilitated PSs and somatic EPSPs, consistent with enhanced dendritic propagation. Forty minutes after introduction of 4-AP, 3 M OCB was administered, but failed to further facilitate 2nd PSs (N = 5, Fig. 2C ) or 2nd EPSPs, suggesting that 4-AP and OCB share mechanisms to facilitate neuronal activity.
Although it is believed that oseltamivir and OCB do not readily cross the BBB, they may reach the CNS if combined with other drugs or if the BBB is impaired. It is also possible that other metabolites derived from oseltamivir have actions in the CNS. Our observations in brain slices show that OCB has clear effects on neuronal excitability. Neuraminidase, the enzyme targeted by OCB, can modulate synaptic function [3] and possibly alter propagation of signals based on the fact that many ion channels are glycosylated [6, 16] . Alterations in signal propagation may be responsible for the facilitation of the 2nd PSs because we observed dissociation between enhanced somatic EPSPs and unchanged dendritic EPSPs during administration of OCB, reflecting a form of neuronal hyperexcitability. Like OCB, but to a lesser extent, ethanol may also inactivate neuraminidase [7] . In addition, ethanol reduces gangliosides through depletion of sialic acid, and this may contribute to excitatory effects when sialidase (neuraminidase) is inactivated [8] . The rebound increase in 2nd PSs following ethanol administration with OCB may thus represent a correlate underlying behavioral changes associated with oseltamivir use. It is plausible that medications containing ethanol or CNS stimulants simultaneously taken with antiviral agents contribute to behavioral changes. Ethanol alone can lower body temperature [18] . However, we observed further depression of body temperature with oseltamivir. Even if antiviral agents do not cause psychosis by themselves, it is possible that they modulate the CNS effects of other drugs when taken together. Besides ethanol, caffeine, ephedrine and codeine could be candidates. Because of concerns over an impending panepidemic of avian flu and the belief that oseltamivir is relatively safe, there is an urgent need to understand factors contributing to the altered behavior and suicides associated with antiviral drug use.
